New organotin(IV) complexes of 5,7-ditertbutyl-1,2,4-triazolo[1,5-a]pyrimidine (dbtp) and 5,7-diphenyl-1,2,4-triazolo [1,5-a]pyrimidine (dptp) with 1:1 and/or 1:2 stoichiometry were synthesized and investigated by X-ray diffraction, Sn Mössbauer in the solid state and by 1 H and 13 C NMR spectroscopy, in solution. Moreover, the crystal and molecular structures of Et 2 SnCl 2 (dbtp) 2 and Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 are reported. The complexes contain hexacoordinated tin atoms: in Et 2 SnCl 2 (dbtp) 2 two 5,7-ditertbutyl-1,2,4-triazolo[1,5-a]pyrimidine molecules coordinate classically the tin atom through N(3) atom and the coordination around the tin atom shows a skew trapezoidal structure with axial ethyl groups. In Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 two ethanol molecules coordinate tin through the oxygen atom and the 5,7-diphenyl-1,2,4-triazolo [1,5-a]pyrimidine molecules are not directly bound to the metal center but strictly H-bonded, through N (3), to the \OH group of the ethanol moieties; Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 has an all-trans structure and the C-Sn-C fragment is linear. On the basis of Mössbauer data, the 1:2 diorganotin(IV) complexes are advanced to have the same structure of Et 2 SnCl 2 (dbtp) 2 , while Me 2 SnCl 2 (dptp) 2 to have a regular all-trans octahedral structure. A distorted cis-R 2 trigonal bipyramidal structure is assigned to 1:1 diorganotin(IV) complexes. The in vitro antibacterial activities of the synthesized complexes have been tested against a group of reference pathogen micro-organisms and some of them resulted active with MIC values of 5 μg/mL, most of all against staphylococcal strains, which shows their inhibitory effect.
Triazolopyrimidine derivatives are well known N-donor heterocyclic ligands [1, 2] ; the steric effects of substituents in these ligands are interesting and have not been explored in great details for organotins, especially for those ligands bearing substituents at positions 5 and 7, while triazolopyrimidine and its derivatives have gained great attention as ligands to transition metals [3] [4] [5] [6] . Our interest was recently devoted to organotin(IV) complexes of [1, 2, 4] triazolo-[1,5-a]pyrimidine (tp), its 5,7-dimethyl derivative (dmtp) and a number of oxo-substituted triazolopyrimidines whose antimicrobial activity was excellent [7] [8] [9] . This promising finding was suggesting a possible use of triazolopyrimidines derivatives as leads for a potential field of novel therapeutic options able to overcome the antibiotic resistant strains which prompted us to undertake the present study by evaluating the change of activity associated with the introduction on the basic heterocycle of different radical groups giving non classical isosteric ligands, expected to be endowed with better hydrophobicity. Besides, organotins are known to possess, per se, antitumour [10, 11] , antimicrobial [12] and anti-inflammatory [13] activities; triazolopyrimidines complexes with several divalent metal ions have been tested as inhibitors of the growth of different Gram(+) and Gram(−) bacteria [12] . In particular, recent findings on compounds of metal ions (Co(II), Cu(II), Ni(II)) with closely related ligands, have proven to be effective antiparasital agents against Trypanosoma cruzi [14] and to be endowed with antiproliferative in vitro activity against Leishmania spp. [15] ; the biological activity on these specimen is still in progress [16] . Staphylococci can induce a wide spectrum of infectious diseases associated with remarkable morbidity and mortality [17] . Pathogenic staphylococci have also an amazing ability to acquire resistance traits to antibiotics, the rise of community and hospital-acquired methicillin resistant Staphylococcus aureus (MRSA) being a major health problem that has created a pressing need for novel therapeutic options [18] . The threat of pathogenic bacteria resistant to most or all conventional antibiotics could be faced by developing new antibacterial agents with a different mode of action than those of traditional antibiotics. In this paper we report the synthesis and characterization of organotin (IV) adducts (R 2 SnCl 2 , R = Me, Et, n-Bu and Ph and RSnCl 3 , R=n-Bu) with 5,7-ditertbutyl-1,2,4-triazolo [1,5-a] pyrimidine (dbtp) and 5,7-diphenyl-1,2,4-triazolo [1,5-a] pyrimidine (dptp) (Fig. 1 ) in a 1:1 and 1:2 molar ratio. The crystal and molecular structures of Et 2 SnCl 2 (dbtp) 2 and Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 are also reported and their metal-to-triazolo pyrimidine ligand interaction is discussed, together with their overall supramolecular organization. We tested the biological activity of all the specimen against a group of staphylococcal reference strains (S. aureus ATCC 25923, S. aureus ATCC 29213, methicillin resistant S. aureus 43866 and S. epidermidis RP62A) along with Gram-negative pathogens (P. aeruginosa ATCC9027 and E. coli ATCC25922).
Experimental

Materials and methods
The chemicals used throughout in the present study were purchased from C. Erba (Milan, Italy), Sigma-Aldrich (Milan, Italy), and Merck KGaA (Germany), and used without further purification. Anhydrous methanol was obtained by standard procedure. Elemental microanalyses for C, H and N were carried out by the Laboratorio di Microanalisi, University of Padova, Italy. Chlorine was determined by potentiometric titration with standard silver nitrate after combustion in pure oxygen according to Schöniger [19] . Tin was gravimetrically determined as SnO 2 . Infrared spectra (nujol mulls, CsI windows) were recorded with an FT-IR spectrometer Perkin-Elmer Spectrum One. The Mössbauer (nuclear γ resonance) spectrometers, the related instrumentation and data reduction procedures were as previously described [20] 
X-ray crystal determination
Suitable crystals of Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 for the X-ray diffraction studies were grown from ethanol, data collection was made on a BRUKER AXS SMART 2000 CCD diffractometer using graphitemonochromated MoKα radiation (λ = 0.71073 Å). Data were collected using 0.3°wide ω scans and a crystal-to-detector distance of 5.0 cm and corrected for absorption empirically using the SADABS routine [21] . Data collection nominally covered a full sphere of reciprocal space with 30 s exposure time per frame. The SAINT [22] program was used for analysis of the data reduction and revealed a monoclinic P21/c space group. The structure was solved by direct Methods using the SHELXS-97 [23] program and refined on F 2 by full matrix least-squares calculations using the SHELXTL package. The anisotropy parameters of non-H atoms were refined with the SHELXL-97 [24] program. All H atoms of ligands were geometrically
included in the refinement, and refined "riding" on their corresponding carbon or oxygen atom, except for the H atom connected to the O (1) atom, which was found experimentally in a difference Fourier map after all the "heavy" atoms were located [C- 2 , suitable crystals were grown from diethyl ether; the X-ray diffraction data were collected at 295 K using an Oxford Xcalibur S with Mo-Kα radiation, λ = 0.71073 Å, monochromator graphite for Et 2 SnCl 2 (dbtp) 2 . The cell parameters for the molecule were obtained and refined, respectively, catching reflections with random orientation in hkl planes. Intensities were corrected by Lorentz polarization and absorption with the SADABS [21] program. The SAINT [22] program was used for analysis of the data reduction and revealed a monoclinic P2 1 /c space group. The structure was solved by direct methods using the SHELXS-97 [23] program. The anisotropy parameters of non-H atoms were refined with the SHELXL-97 [24] program. All H atoms of ligands were geometrically included in the refinement. Aromatic carbons were refined with Uiso(H) = 1.2 Ueq Csp2 and methyl carbons with Uiso(H) = 1.5 Ueq Csp3. In addition, the final refinement used the complete theta range for data collection between 2.9 and 30.00°and shows final R indices R 1 = 0.0376 for 2604 reflections with Fo N 4sig(Fo) and 0.0900 for all 4317 data, wR 2 = 0.0800, GooF = S = 0.804, restrained GooF = 0.804 for all data. X-ray data are listed in Table 1 . ORTEP-3 [25] for Windows was used to draw the figures while Mercury was used for the graphical representation of the crystal packings [26] . Analysis of crystal data was performed through PARST [27] . 
Determination of MICs
Minimum inhibitory concentrations (MICs) against tested strains were determined as previously described by a broth dilution micromethod [28] . A series of solutions with a range of concentrations from 40 to 0.1 μg/mL (obtained by twofold serial dilution) was made in Mueller-Hinton broth (Merck) in a 96-well plate. To each well 10 μL of a bacterial suspension, obtained from a 24 h culture, containing 10 6 colony forming units (CFU)/mL were added. The plate was incubated at 37°C for 24 h. After this time the MIC values were determined by a microplate reader (ELX 800, Bio-Tek Instruments) as the lowest concentration of compound whose optical density (OD) at 570 nm, was comparable to the negative control wells (broth only). Amikacin was used for comparative and quality control purposes.
Synthesis of ligands
The ligands dbtp and dptp were synthesized following the Grodzicki [29] procedure with some modifications: in both cases 10 mmol of the chemicals (3-amino-1,2,4-triazole and 2,2,6,6-tetramethylheptane-3,5-dione or 1,3-diphenylpropane-1,3-dione respectively) and 5 mL of 85% H 3 PO 4 in H 2 O were refluxed for 24 h, then the reaction mixture was cooled at room temperature and treated as reported by Grodzicki.
Synthesis of dbtp adducts
Diorganotin(IV)dichloride-dbtp adducts were prepared reacting the organometallic compound (1 mmol) with dbtp (1 or 2 mmol) in diethyl ether (20 mL). After reducing the volume of the clear reaction mixture in air, 1:1 or 1:2 solid adducts were obtained depending on the reaction ratio. n-BuSnCl 3 gave the 1:2 adduct independently of the reaction ratio: a bulky precipitate is formed immediately after mixing the reagents. The complexes were recrystallized from diethyl ether. Single crystals of Et 2 SnCl 2 (dbtp) 2 suitable for X-ray diffraction studies were obtained by slow evaporation of diethyl ether solution at room temperature. , ∠C-Sn-C = 158°. 
Synthesis of dptp adducts
Me 2 SnCl 2 (dptp) 2 (8) and n-BuSnCl 3 (dptp) 2 (12) were obtained by reaction of the organotin(IV) chloride and dptp in ethanol: the mixture was refluxed for 2 h giving a clear solution; on cooling to room temperature crystalline products were obtained. Under the same conditions Ph 2 SnCl 2 gave the adduct Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11) . The compounds (8), (11) and (12) were recrystallized from ethanol. A further treatment of the compounds with diethyl ether at room temperature didn't give any modification in their spectroscopic properties. By a similar procedure, compounds Et 2 SnCl 2 (dptp) (9) and Bu 2 SnCl 2 (dptp) (10) were obtained from diethyl ether solutions. Fig. 2 together with the crystallographic labeling. Relevant bond distances and angles are reported in Table 2 . The molecule is symmetric and the Sn atom sits on a crystallographic glide plane, so that only half a molecule constitutes the asymmetric unit. The Sn atom is hexacoordinate, with the triazolopyrimidine ligand being directly coordinated to the metal and acting as a monodentate ligand through a single nitrogen atom, as often found in compounds provided with a direct metal-triazolopyrimidine bond.
In a series of metal coordinated triazolopyrimidine compounds investigated through X-ray diffraction, the most frequent geometry found in the structural analysis is octahedral with two (or four) triazolo-[1,5-a]pyrimidine ligands monodentately coordinated via the nitrogen atom in position 3, with strong metal-to-N interaction [1] . On the other hand, compound 4 contains two weakly bound triazolopyrimidine ligands and exhibits a highly distorted octahedral geometry of the coordination around the Sn atom, resulting in a C-Sn-C angle of 157.6(2)°. Thus, the overall geometry about the Sn atom is best described as a skew-trapezoidal bipyramid with the tin-bonded carbon atoms of the ethyl groups being bound in pseudo-axial positions over Supramolecular organization: The reason for the highly distorted octahedral geometry around the Sn atom can be explained taking into account the supramolecular organization of the compound. Actually, non-conventional H-bonding interactions between hydrogen atoms belonging to \CH methyl groups of one molecule and Cl atoms of a second one (Cl···H-C distance 2.91 (1) Å, D···A distance 3.857(3)Å, Cl···H-C angle 171.1(1)°) create an infinite polymeric arrangements of molecules forming rows of columns elongated along the c axis, shown in Fig. 3 (a) in wires (H-bonds in dotted lines) and in spacefill representation, Fig. 3 (b) . Moreover, a further stabilization is given by some intramolecular C-H···N interactions and a π-stacking aromatic intramolecular interaction occurring between the two symmetry-related six-membered pyrimidine rings which lay 4.7 Å apart from each other. The two rings may be defined as inclined, making an angle of 40°between their mean planes, according to the geometries of aromatic interactions defined by Aravinda et al. for peptide scaffolds [30] .
3.1.2. Crystal structure of Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11) In Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11), whose structure is shown in Fig. 4 , the tin atom sits on a crystallographic inversion center and, also in this case, only half a molecule constitutes the crystallographic independent unit. The ligands at Sn(IV) are two phenyl rings and two chlorine atoms. The octahedral geometry is completed by two ethanol molecules which coordinate the Sn atom through their oxygen atoms, which coordinate further two dptp molecules, not directly connected to the metal centre but H-bonded in a quite strong interaction (Fig. 5) .
IR spectra and Mössbauer data
The IR spectra of the complexes have been examined in comparison with the spectra of the free ligands [33] . The two most characteristic bands in the IR spectra of dbtp and dptp, assigned to an overall triazolopyrimidine and pyrimidine ring mode vibrations, ν tp (1615 and 1612 cm − 1 ) and ν py (1530 and 1543 cm − 1 ), are generally moved to higher frequencies in transition metal complexes [34, 35] . In the organotin(IV) derivatives under investigation, not significant shift on coordination is found, presumably due to the extensive hydrogen bonds network in both ligand [36] and investigated compounds. The only differences in the spectra are due to ν(Sn-C) and ν(Sn-Cl) stretching vibrations in the low-frequency region [37, 38] . The values of the Mössbauer quadrupole splittings parameters give very useful information on the solid-state structure of the diorganotin(IV) complexes as they can be related to the geometry of the diorganotin(IV) moiety: the C\Sn\C bond angle in such compounds can be simply estimated through "point-charge" calculations assuming that the quadrupole splitting is set up just by the R 2 Sn unit, the contribution to the electric field gradient on the tin nucleus being dominated by the highly covalent Sn\C bonds [39] . Hence, idealized for the corresponding phenyl groups, the C\Sn\C bond angles were estimated as reported under the analitical data. As far as the 1:1 complexes are concerned, compounds 1, 3, 6, 9, and 10, the estimated C\Sn\C bond angles are in the range 125-134°according to a distorted cis-R 2 tbp structure (Fig. 6a) . Among the 1:2 complexes, 8 and 11 are characterized by an essentially linear C-Sn-C fragment (Fig. 6b) , according to the presence of only one ν(Sn-C) band in the infrared spectrum of 8, and, most of all, to the X-ray all-trans structure of 11. The dbtp derivatives 2, 4 and 5 are characterized by quite similar Mössbauer spectra which suggests distorted octahedral structures (Fig. 6c) , with C\Sn\C bond angles lower than 180°. The estimated angle for Et 2 SnCl 2 (dbtp) 2 (4) is virtually identical to that determined by X-ray diffraction, showing that for this class of compounds the method can be considered particularly efficient. As far as the monoorganotin (IV) derivatives 7 and 12 are concerned, we may only observe that the quadrupole splitting values are consistent with octahedral structures. 13 C NMR spectra are in agreement with those reported by
Grodzicki [29] in DMSO-d 6 . (6) resonances. Coordination via N(3) slightly affects the 13 C spectrum of the ligands: the carbons adjacent to N(3) coordination site, i.e. C(2) and C(3a) are shifted upfield whereas those of C(5), C(6) and C (7) are moved in the opposite direction. Coordination via N(3) of these two ligands is in agreement with similar results presented for platinum(II) and palladium (II) chloride complexes [35] . As for the organometallic moieties, (6) are found in two groups at 7.76-7.73 ppm (corresponding to four protons) which are observed at lower fields due to ortho hydrogens of the phenyl groups attached to tin, and 7.48 ppm (corresponding to six protons) as multiplets due to meta and para hydrogens [44] . For Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11) whose resonance assignments are reported under Experimental, 1 H-1 H COSY spectrum is presented in Fig. 7 . In all NMR spectra sharpness of resonances gives an indication that fluxionality is absent, even for coordinated ethanol molecules in 11.
Antimicrobial activity
The compounds were screened for their in vitro antibacterial activity on a group of reference staphylococcal strains susceptible or resistant to methicillin and against two reference Gram-negative pathogens. The antibacterial activity of the substances, expressed as MIC, is reported in Table 3 . The free ligands dbtp and dptp resulted inactive at the maximum tested concentration of 100 μg mL − 1 , whereas organotin(IV) complexes show a better antibacterial activity against Gram-positive strains. Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11) and n-Bu 2 SnCl 2 (dbtp) 2 (5) showed good antibacterial activity with a MIC value of 5 and 10 μg mL − 1 respectively against S. aureus ATCC29213 and the compound n-Bu 2 SnCl 2 (dbtp) 2 (5) showed an interesting activity, (MIC value of 20 μg mL
) against the methicillin resistant strain S. aureus ATCC43866 too. Ph 2 SnCl 2 (dbtp) (6), Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11), nBu 2 SnCl 2 (dptp) (10) and n-BuSnCl 3 (dbtp) 2 (7) resulted active against methicillin resistant S. epidermidis RP62A, but unfortunately showed a weak or no activity against the other strains. However, none of the compounds resulted active against all the tested staphylococcal strains. The significative antibacterial properties of the above mentioned organotin (IV) complexes, among these, most active being Ph 2 SnCl 2 and n-Bu 2 SnCl 2 derivatives, were encouraging. Inhibitory activity increases in the order Me~Et b n-Bu b Ph and is attributed to lipophilicity, following the same trend, which facilitates microorganism membrane crossing, in agreement with the knowledge that the toxicity of the organotins is related to their hydrophobicity [45, 46] . A qualitative structure-activity relationship can tentatively be advanced, where coordination environment of the tin atom is crucial: six-coordinated tin complex, Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11), displayed better results than the five-coordinated Ph 2 SnCl 2 (dbtp) one (6) against S. aureus ATCC 29213. The extensive hydrogen bonds network which is present in the former [36] is indicative of the potential mode action of this compound which could be described in terms of hydrogen bonding with the active centers of the cell constituents, resulting in an interference, with the normal cell processes. All the complexes and the parent compounds showed poor activity against Gram-negative reference strains, with the exception of Et 2 SnCl 2 , which showed a MIC value of 40 μg mL − 1 against P. aeruginosa ATCC9027 and E. coli ATCC25922. The complexes Et 2 SnCl 2 (dbtp) (3), Et 2 SnCl 2 (dbtp) 2 (4) and Et 2 SnCl 2 (dptp) (9), exhibited antibacterial properties less potent than the parent organotin(IV) compounds. As an overall result, the complexes were more toxic towards Gram-positive than Gram-negative strains; the reason laying in the different structures of cell walls, which in Gram-negative cells are more complex than those in the Gram-positive ones [12] . C NMR spectroscopy, in solution. The X-ray crystal and molecular structures of Et 2 SnCl 2 (dbtp) 2 (4) and Ph 2 SnCl 2 (EtOH) 2 (dptp) 2 (11) were described. The main result of the structural investigations of complexes 4 and 1 lies in the network of hydrogen bonding and aromatic interactions involving pyrimidine and phenyl rings. Non-covalent interactions involving aromatic rings are key processes in both chemical and biological recognition, contributing to overall complex stability and forming recognition motifs. It is noteworthy that in complex 11, π-π stacking interactions between pairs of antiparallel triazolopyrimidine rings mimick base-pair interactions physiologically occurring in DNA.
As for the antimicrobial activity, the latter being very active with a MIC value of 5 μg mL − 1 against S. aureus ATCC29213. n-Bu 2 SnCl 2 (dptp) and n-BuSnCl 3 (dbtp) 2 resulted active against methicillin resistant S. epidermidis RP62A, but showed a weak or no activity against the other strains. Unfortunately, we are forced to conclude that substitution in the ligands of hydrogen (tp) and methyl (dmtp) with tert-butyl (dbtp) and phenyl (dptp) groups, affords complexes whose activity against S. aureus ATCC 25923, exhibit a lower inhibition against bacteria, which clearly indicates that introduction of sterically hindering organic residues decreases the activity of the parent organometallic moieties. This notwithstanding, an overall view on the biological activity of this class of molecules is attractive, and a rational development of leads including modified entities, endowed with more effective antimicrobial properties, according to the basic principles outlined by Silverman [47] , can be pursued. 
